Solar cells were fabricated using lead sulfide (PbS) quantum dots (QDs) to sensitized nanocrystalline TiO 2 layer. The nanostructured layer of the TiO 2 was examined by scanning electron microscopy and X-ray diffraction spectroscopy. The data confirm the formation of nanostructured particles of sizes less than 50 nm. PbS quantum dots of three different sizes were used as sensitizers, and their absorption spectra were determined in order to characterize the optical properties of the cells. Current injection mechanisms and confinement effect on the electronic and optical properties of the cells were discussed. A model was developed to highlight the structure and operation of the cell. The I-V characteristics were measured either for specific size or mixed sizes of quantum dots. Power conversion efficiencies of up to 4.47% were obtained for cells using QDs of 3.2 nm radius as sensitizers.
Sustainability and Resilience Conference nanocrystalline TiO 2 thin film electrode have been reported [13] . Other materials such as ZnO 2 nanowires were proposed to replace both porous and TiO 2 nanoparticles-based solar cells [14] . The idea of injection of electrons in a wide bandgap semiconductor using a photosyntisizer is a key concept in developing photoelectrochemical photovoltaic cells [15] . We investigate in this work the use of PbS quantum dots (QD) as a source of electron injection in TiO 2 porous thin film. Quantum dots are nanocrystals exhibiting a high degree of confinement, and extremely sharp density of state function.
They have the outstanding property that their energy gap, and consequently their absorption threshold, depends on their sizes [16] [17] [18] . By choosing the right size of the QD, we can monitor the electron injection in the conduction band of the TiO 2 thin film.
Furthermore, the possibility of creating multiple exciton by a single high energy photon has also revived the interest in these materials [19] [20] . In this work we replace the natural dye extracts we reported [21] [22] with QDs of different sizes as a source of electron injection.
Recently, many research works on QD synthesized solar cells have been published.
The bulk of this work focuses on CdS, CdSe, and CdTe QD as synthesizers [23] [24] [25] .
The choice of these materials follows the success of earlier studies on identifying the morphological and electrolyte effects on their performance and stability [26] [27] . Interesting results have been reported by some investigators who studied the incorporation of a layer of PbS quantum dots in thin film solar cells, by direct growth of PbS quantum dots on nanostructured TiO 2 electrodes [28] . Deposition of a transition metal oxide (ntype) layer on grown layer of PbS quantum dots to act as hole extractor layers [29] , or employing a graded recombination layer [30] .
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Structure and Operation of QD Sensitized Photovoltaic Cell
The structure and operation principle of QD sensitized photovoltaic cell is almost identical to dye sensitized cells [31] with the exception that now the QDs are the source of current injection. The structure of the photovoltaic cell is shown schematically in Figure ( 2). In this figure, we distinguish four essential elements of the cell, namely, the conducting and counter conducting electrodes, the nanostructured TiO 2 layer, the quantum dot energy levels, and the electrolyte.
The operation of the cell can be described by the following steps and the corresponding process equations:
1. Upon absorption of a photon, a quantum dot is excited from the ground state (QD ) to a higher energy state (QD * S ), as illustrated by Eq.(1) below.
Excitation process ∶ QD S + h → QD 3. The excited electron is then injected in the conduction band of the wide bandgap semiconductor nanostructured TiO 2 thin film. This process will cause the oxidation of the photosensitizer (The QDs).
Injection process ∶ QD 
6. The I 3 − diffuses to the counter electrode and substitutes the internally donated electron with that from the external load and gets reduced back to I − ion.
Electron capture reaction:
Overall, generation of electric power in this type of cells causes no permanent chemical transformation.
To enhance electron injection into the conduction band of the TiO 2 layer, one must choose a sensitizer with a proper matching energy gap. Quantum dots can fulfill the necessary energy gap requirement by choosing the ones with the right size.
It is interesting to note that for the QD to effectively accept the donated electron from the redox mediator. Finally, the maximum potential produced by the cell is determined by the energy separation between the electrolyte chemical potential 
Quantum Dots Energy States and Confinement Effect
Quantum dots can be treated as zero dimensional bulk solid. The density of states can be represented in this case by a delta function, as illustrated in Figure (3-a) . In this system only discrete energy levels are allowed with a specific wave vector k value for each allowed energy state ( Fig. 3 -b, 3-c). In the solar spectrum, a high energy photon can produce multiple electron-hole pairs. In this process an energetic photon can excite an electron in the valence band producing an electron-hole pair. The excited electron may produce additional electron-hole pairs by impact ionization [32] .
The energy gap of a QD can be estimated as the sum of the band gap energy, the confinement energy, and the bound exciton energy. The band gap energy is determined by the size of the quantum dot. In strong confinement regime, the size of the QD is smaller than the exciton Bohr radius , where the energy levels split up. In this case we have, where m is the mass, is the reduced mass, is the size dependent dielectric constant, 0 is the permittivity of free space, and is the Bohr radius. The total energy released in the emission can thus be written as,
Hence, according to [18] , the last two terms in Eq. (8) 
In the above equations m and m are the electron and hole effective masses respectively, and a is the QD radius. Other quantities are as defined above.
The above simple model shows that the energy of QDs is dominated by the quantum confinement effect (Eq. 9), where the energy varies inversely with the square of the QDs radius.
Experimental
Several methods have been employed to prepare TiO 2 layers. We prepared nanostructured layer following the procedure detailed in [5, 6, 9] . In this method, a suspension of TiO 2 is prepared by adding 9 ml of nitric acid solution of PH 3-4 (in ml increment) to 6 g of colloidal P25 TiO 2 powder in mortar and pestle. To get a white free flow-paste, we added 8 ml of distilled water (in 1 ml increment) during the grinding process. Finally, a drop of transparent surfactant is added in 1 ml of distilled water to ensure uniform coating and adhesion to the transparent conducting electrode. 
Absorbance spectra of quantum dots

Current injection in TiO 2 thin film
Quantum dots adhering directly to the TiO 2 layer and are exposed directly to applied illumination could deliver readily an electron from the excited state to the conduction band of the TiO 2 layer after surmounting a certain potential barrier at the interface. Two possible mechanisms of current injection are reported [33, 34] . The first is tunneling of electrons across the energy barrier, and the second is the Poole-Frenkel effect resulting from the enhancement of thermal activation due to reduced barrier height under the field [35] . The effectiveness of these processes is determined by the height of the barrier formed between QDs (depending on their energy gap) and the TiO 2 nanostructured layer.
For non-uniform distribution of QDs we expect having groups of these accumulated in patches where only certain of them are exposed directly to applied illumination.
Once a QD of this group is excited, an electron could tunnel to adjacent QD or could follow a non-radiative path and finally lost to the system. Figure (1) shows a schematic representation of QDs distribution on the TiO 2 nanocrystalline film. 
Effect of counter electrode coating on the I -V characteristics
Enhanced I-V characteristics of QDs synthesized solar cell
Efficiency of PbS QDs sensitized solar cell
There are three important parameters that characterize the performance of a solar cell.
These are the open-circuit voltage (V ), the short circuit current (I ), and the fill factor (FF). However, the fill factor is also a function of V and I . Therefore, these last two parameters are the key factors for determining the cell's efficiency. Under ideal conditions, each photon incident on the cell with energy greater than the band gap will produce an electron flowing in the external circuit. Upon illumination the I-V characteristics are shifted down by the light generated current I . Ideally, the short-circuit current I is equal to I . In this case, the open circuit voltage is given by
where I is the reverse saturation current, T is the temperature in Kelvin, and k is the 
where V and I are the operating point that will maximize the power output. In this case, the energy conversion efficiency is given by where P is the input power. Table 1 depicts the short circuit current, the open circuit voltage, the fill factor, and the efficiency for cells of different sizes quantum dots.
As the size of the QD is reduced, the open circuit voltage, the photocurrent, the fill factor, and consequently, the efficiency of the cell is reduced. For non-annealed cell, the efficiency is reduced by about three orders of magnitude, the open circuit voltage by a factor of 15, and the short circuit current by a factor of 63. This implies the importance of annealing to optimize the structural requirement for achieving high current injection efficiency. The best power efficiency of 4.47% was obtained for the 3.2 nm radius QDs.
For this particular size the effectiveness of current injection is the most promising.
Cells based on QDs of mixed sizes have the lowest efficiency. Reported efficiencies in recent published work using either depleted heterojunction colloidal QD solar cells [36] or improved lead sulphide QD solar cell using n-type transition metal oxide [37] give comparable values. It seems unlikely that the effectiveness of injection mechanisms drops suddenly when the sizes of the quantum dots changes slightly. To trace the origin of this behavior we refer first to the absorption spectra ( Figure 6 ). The 3.2 nm
QDs have their absorption spectrum centered at about 1000 nm. At this wavelength the absorption of the 2.4 nm is almost negligible, whereas that of the 5 nm QDs is only slightly enhanced. On the other hand, the absorption spectrum of the glass used as a window assumes its maximum transmittance at about 1000 nm. Therefore, it is highly probable that the reduced efficiencies of cells based on the 2.4 and 5 nm radius QDs are severely influenced by the glass spectral window. A more effective cell design must involve the use of the entire solar spectrum, or at least a good portion of the visible spectral region. For further improvement of the system, the TiO 2 nanoporous layer could be replaced by less resistive materials that have a greater surface to volume ratio. Carbon nanotubes are good candidates to achieve this task. These matters are under investigation and are the subject of methodic research work in our laboratories. 
Conclusion
In this work we have studied the performance of PbS QDs synthesized nanocrystalline solar cells. Towards this end, we characterize the structural, electronic, and optical properties of the cells. Three different sizes of PbS QDs were used to optimize the cell performance. Electron scanning microscopy and electron diffraction spectroscopy confirm the formation of nanostructural TiO 2 nanoparticles with sizes less than 50 nm.
A model was developed to explain the generation cycle of photocarriers. Absorption measurements are characterized by discrete absorption peaks indicative of quantum confinement effect. In addition, a shift of the absorbance spectra to larger wavelengths with increasing the size of the quantum dots was observed. The current injection mechanisms in terms of tunneling and thermal activation were discussed. It was found that the absence of counter electron coating with graphite is a determining factor for obtaining reasonable I-V characteristics. The open circuit voltage, the short circuit current, the fill factor, and efficiency of different quantum dots sizes as well as for a combination of these were measured. An efficiency of 4.47% was obtained for the 3.2 nm size (radius) QDs, whereas a severe quenching of all cell parameters for other quantum dot sizes was observed. A careful analysis reveals that the transmittance of the cell's glass window is probably at the origin of this effect.
